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MosquitoesWest Nile virus is similar to most other RNA viruses in that it exists in nature as a genetically diverse
population. However, the role of this genetic diversity within natural transmission cycles and its importance
to virus perpetuation remain poorly understood. Therefore, we determined whether highly genetically
diverse populations are more ﬁt compared to less genetically diverse WNV populations. Speciﬁcally, we
generated three WNV populations that varied in their genetic diversity and evaluated their ﬁtness relative to
genetically marked control WNV in vivo in Culex quinquefasciatus mosquitoes and chickens. Our results
demonstrate that high genetic diversity leads to ﬁtness gains in vector mosquitoes, but not chickens.iversity of New Mexico School
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West Nile virus (WNV, Flaviviridae:Flavivirus) perpetuates in
nature in a transmission cycle involving ornithophilic mosquitoes,
mainly Culex spp. and birds (Komar, 2000). In the decade since it was
ﬁrst recognized in North America (Lanciotti et al., 1999), WNV has
spread and become well established throughout much of the New
World, where it causes seasonal epidemics of fever and encephalitis in
humans and domestic and wild animals. Like other RNA viruses, WNV
exists in its natural transmission cycle as a closely related group of
competing viral mutants commonly referred to as a quasispecies
(Jerzak et al., 2005). Field-based studies have shown that WNV is
genetically diverse within infected mosquitoes and birds, that a
genetically diverse population is transmitted between hosts, and that
WNV populations within mosquitoes are more diverse than are those
in birds (Jerzak et al., 2005). Laboratory-based studies have conﬁrmed
that genetic diversity is higher within mosquitoes (Jerzak et al., 2007)
and suggest that RNA interference (RNAi) drives genetic diversiﬁca-
tion within these hosts by creating an intracellular milieu that isfavorable to rare virus genotypes (Brackney et al., 2009). A relatively
high level of genetic diversity, particularly within mosquitoes, seems
to be a general feature of WNV population structure.
RNA virus replication is characterized by an ongoing, continual
process that includes the creation of novel mutants and competition
between newly arising and previously existing genotypes. Virus
ﬁtness represents the ability of a particular genotype to contribute to
subsequent generations, i.e., its relative ability to survive and
reproduce in a particular environment and/or host population.
Several studies have examined ﬁtness determinants of arboviruses,
including passage history in various cell culture or animal models
(Ciota et al., 2007; Martinez et al., 1991; Taylor and Marshall, 1975;
Weaver et al., 1999; Coffey et al., 2008) and speciﬁc genetic
determinants that impact, for example, production of viremia or
thermal stability (Brault et al., 2002, 2007). Comparative studies have
demonstrated that the originally introduced WNV genotype (NY99)
has been displaced by a new North American adapted genotype
(WN02). It was determined that this displacement was due to a
decrease in the extrinsic incubation period in mosquitoes required for
WN02 transmission compared to the NY99 genotype (Ebel et al.,
2004; Moudy et al., 2007). In addition, competitive ﬁtness studies
using a monoclonal antibody resistant WNV mutant have suggested
that passage in various cell culture systems can alter the ﬁtness of the
passed virus relative to the unpassed parental virus (Ciota et al.,
Fig. 1. Genetically marked reference is phenotypically indistinguishable from
unmarked WNV. Plaque phenotype of WNV-REF and unmarked clone-derived WNV
(A) and replication in Vero (B) and C6/36 cells (C) was compared. Plaque phenotype
and reversion of the genetic markers in WNV-REF were evaluated after three blind
passages on Vero cells (panel A). No differences were detected in plaque phenotype or
in vitro replication, and no reversions were detected in the genetic marker.
Table 1
Characteristics of mixed WNV populations.
WNV
strain
Titera Number of
Clones
sequenced
Haplotypes Mutations NT
sequenced
Genetic
diversity
(%)
M2 6.50E+07 20 6 11 39,117 0.028
M8 6.50E+07 19 12 28 36,219 0.077
M24 1.35E+06 18 14 41 35,274 0.116
P valueb N0.01
a PFU per 0.1 mL.
b Chi-square=417.0, 2 df.
90 K.A. Fitzpatrick et al. / Virology 404 (2010) 89–952007). However, none of these studies have examined the role of
intrahost genetic diversity on virus ﬁtness directly. This is somewhat
surprising since WNV populations are relatively genetically diverse.
Furthermore, most competitive ﬁtness studies ofWNV andmost other
arboviruses have measured virus ﬁtness in cell cultures that may
poorly simulate those organisms most relevant to arbovirus ﬁtness in
natural transmission cycles (with some notable exceptions (Coffey et
al., 2008)). Therefore, it is currently not clear whether the high genetic
diversity that is characteristic of WNV populations impacts ﬁtness in
vivo, or in any way contributes to its ability to persist in nature.
Accordingly, we evaluated the hypothesis that the genetic
diversity of WNV within infected hosts inﬂuences virus ﬁtness. In
particular, we sought to determine whether WNV populations with
higher genetic diversity would be (a) more infectious to chickens or
mosquitoes or (b) more ﬁt in these hosts. To accomplish this, we
engineered a genetically marked control WNV to serve as a
competitor in ﬁtness studies, evaluated its phenotype relative to
unmarked WNV and developed methods for measuring its relative
frequency in a genetically mixed WNV population. Next, WNV
populations that contained varying levels of genetic diversity were
created and their phenotype was evaluated in comparative infectivity
studies in Culex pipiens quinquefasciatus mosquitoes and young
chickens (Gallus gallus). Finally, we assessed the ﬁtness of WNV
populations of varying genetic diversity in vivo relative to the marked
competitor.
Results
Characterization of marked reference virus
A genetically marked reference virus for use in competitive ﬁtness
studies was produced by inserting a string of ﬁve noncoding changes
into nucleotide positions 8313–8317 of a WNV cDNA clone. Plaque
phenotype and replication kinetics of marked reference virus (WNV-
REF) were compared to unmarked virus (WNV-WT) and the stability
of the marker was evaluated. WNV-REF and WNV-WT demonstrated
similar replication kinetics in Vero and C6/36 cells, and plaque size
was similar (Fig. 1). Furthermore, no reversion mutations were
detected after three blind passages in Vero cells.
Characterization of mixed virus populations
We created genetically diverse viruses by mixing either 2, 8 or 24
individual strains and amplifying them in cell culture. The resulting
WNV populations, M2, M8 and M24, were characterized genetically
by cloning and sequencing. From 18 to 20 clones per virus population
were sequenced. M24 was the most genetically diverse population,
followed by M8 and M2 with respect to both haplotypes and overall
genetic diversity (Table 1). Phylogenetic analysis (Supplement and
Fig. S1) of clones obtained from each virus population indicated two
main haplotypes for M2 and increasingly greater numbers for M8 and
M24. All three mixed virus populations were similar in their
infectiousness to chickens and mosquitoes (Table 2).
Vector competence of Cx. quinquefasciatus for mixed virus populations
Fitness was initially assessed through examination of the ability of
M2, M8 and M24 to infect, disseminate within and be transmitted by
Cx. quinquefasciatus. At both 7 and 14 days postfeeding, mosquitoes
that fed on M2 were the least likely, and those that fed on M24 were
the most likely to have infectious WNV in their bodies (Table 3).
Dissemination and transmission also appeared to occur more
frequently in mosquitoes that had been fed M24, but relatively few
mosquitoes developed disseminated or transmitted infections in
these studies (Table 3) and the trend was not statistically signiﬁcant.Competitive ﬁtness of mixed virus populations
The ﬁtness of M2, M8 and M24 in orally infected mosquitoes and
subcutaneously inoculated chickens was determined by quantitative
Table 2
Infectivity of WNV populations.
WNV
strain
ID50a for
Chickens Mosquitoes
M2 0.016 1.9E+05
M8 0.032 2.6E+05
M24 0.032 1.0E+05
a Values are given in PFU.
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genotype in any given sample under the described conditions was from
approximately 0.1 to 0.9 (Supplementary information and data not
shown). After 48 h of replication in chickens, the proportion of WNV-
REF and all three competitors was similar, with approximately 50% of
total virus in chick serum comprising the competitor (M2, etc.)
genotype (Fig. 2). In addition, the mean proportion of each competitor
was generally similar to that present in the inoculum. After 7 and
14 days of replication in mosquitoes, the mean proportion of each
competitor was variable, ranging from approximately 35 to ∼80%. At
both timepoints postfeeding, M24 comprised a higher proportion of the
WNV in mosquito bodies than did M2 and M8 (day 7: Kruskall–Wallis
P=0.0001, Dunn's Multiple Comparison Test Pb0.05 for M2 vs. M24
and M8 vs. M24; day 14: Kruskall–Wallis P=0.0044, Dunn's MCT
Pb0.05 for M2 vs. M24 andM8 vs. M24), and an increasing trend in the
means was apparent after 14 days in mosquitoes.
In mosquitoes, however, the proportion of each competitor in
individual mosquito bodies varied widely, with several individuals
apparently containing only one or the other genotype. Therefore, the
likelihood that a competitor virus would either become dominant
(representing 100% of the virus detected in a sample) or go extinct
(representing 0%) was examined (Fig. 3). The genetic composition of
WNV in mosquitoes where one competitor was dominant was variable
(Supplementary information). The proportion of individual mosquitoes
where M24 went extinct was lower at both timepoints examined than
the proportion of mosquitoes where M2 and M8 went extinct. Further,
M24 was more likely than M2 or M8 to become dominant and
completely displaceWNV-REF inmosquito bodies (Chi-squared Pb0.05
at both 7 and 14 days postfeeding).
Discussion
Several studies to date have analyzed ﬁtness of WNV and other
viruses using monoclonal antibody escape mutant (MARM) viruses
(Ciota et al., 2007; Martinez et al., 1991; Ruiz-Jarabo et al., 2002). In
order to avoid the potential for fundamentally altering important
biological characteristics of the virus (i.e. attachment and entry) that
may be dependent on the properties of an antigenic surface protein, we
marked a reference competitor virus genetically by inserting a string of
ﬁve consecutive synonymous mutations into the NS5 methyltransfer-Table 3
Impact of WNV population diversity on mosquito transmission phenotype.
Strain Days postfeeding
7
Percent
Infected (n) Disseminated Transmitte
M2 30 (47) 2 0
M8 47 (47) 2 0
M24 51 (47) 6 2
P valuea 0.0370 N0.05 N0.05
a Chi-square test for trend.ase coding sequence. We characterized WNV-REF in various model
systems to rule out the possibility that the genetic marker was (a)
unstable and/or (b) would somehow interfere with the replication
kinetics of the virus. First, blind passage of WNV-REF three times on
Vero cells failed to yield any reversion mutations, indicating high
stability of the marker and suggesting that it did not alter the
methyltransferase function. Plaque size of WNV-REF and the parental
WNV-WT viruses were similar, also suggesting that they replicated
with approximately equal efﬁciency. We then evaluated replication
directly in Vero and C6/36 cells. Both WNV-REF andWNV-WT showed
nearly identical replication kinetics in these culture systems.
Next, we created and characterized WNV populations of varying
genetic diversity to facilitate studies of the impact of WNV genetic
diversity on virus ﬁtness. We created populations that had low (M2)
medium (M8) and high (M24) genetic diversity. We observed six
haplotypes in our M2 population and 12 in M8, suggesting that point
mutations occurred to the main genotypes that were used to create
them. However, both the number of haplotypes and the overall
genetic diversity were lowest in M2 and highest in M24. Previously,
we estimated the levels of genetic diversity in ﬁeld-collected
mosquitoes and birds. These studies found that in nature, WNV
populations within hosts possess at most 0.065 nucleotide and 45%
haplotype diversity. Therefore, according tomutational and haplotype
diversity, M2 is similar to an average ﬁeld-collected WNV population,
M8 is similar to the most diverse population, and M24 is more diverse
than any population observed in nature. WNV-REF was created from
an infectious cDNA clone and was used without further passage. The
mutational diversity of this virus population was assumed to be
essentially zero, as observed previously for virus produced from the
same clone in an identical manner (Jerzak et al., 2005). Collectively,
these observations permit us to conclude that the viruses we created
(WNV-REF, M2, M8 and M24) represent appropriate set of tools to
evaluate the role of mutational diversity on virus ﬁtness.
An important component of the ﬁtness of any virus is its
infectiousness for relevant hosts. Accordingly, we tested the infectiv-
ity of mixed virus populations in mosquitoes and chickens. We
observed ID50s in both mosquitoes infected by the oral route and
chickens inoculated by the SC route that were essentially identical. In
both cases, these results suggest that viral genetic diversity does not
inﬂuence infectivity in the WNV system used in these experiments.
We then evaluated competitive ﬁtness in chickens andmosquitoes
by infecting each host with approximately 1:1 ratios of WNV-REF and
various mixedWNV populations. In chickens we observed only minor
differences in the competitive ﬁtness of test virus populations
compared to WNV-REF at the time of peak viremia: 48 h postinoc-
ulation. Analysis of earlier and later timepoints or speciﬁc tissues from
infected animals might have revealed differences that occurred either
very early or vary late in infection. However, the timepoint we
assessed in this study represents themost relevant timepoint from the
perspective of virus transmission and likely accurately reﬂects the
ﬁtness implications of intrahost genetic diversity in birds in nature.14
Percent
d Infected (n) Disseminated Transmitted
37 (43) 7 5
40 (47) 6 2
68 (47) 15 4
0.0030 N0.05 N0.05
Fig. 3.More genetically diverse WNV populations are less likely to go extinct and more
likely to become dominant. The virus population from individual mosquitoes was
classiﬁed according to the relative success of the competitor after seven (A) and
fourteen (B) days of extrinsic incubation. Bars marked “extinct” in the ﬁgure represent
the percent of mosquitoes where only the reference genotype (WNV-REF.) was
detected. Bars marked “dominant” in the ﬁgure represent the percent of mosquitoes
where only the competitor genotype (M2, etc.) was detected. Bars marked “mixed”
represent the percent of mosquitoes where both competitor and reference genotypes
were detected. For day 7, Chi-squared=17.84, df=4, and P=0.0013. For day 14, Chi-
squared=12.79, df=4, and P=0.0124.
Fig. 2. Increased genetic diversity is associated with increased ﬁtness in mosquitoes but
not chickens. Fitness was evaluated in competition studies using M2, M8 and M24
mixed 1:1 with WNV-REF after 48 h in chickens (A) and after seven (B) and fourteen
(C) days of extrinsic incubation in mosquitoes. Points indicate individual mosquitoes.
Open squares denote the proportion of each competitor present in the starting virus
pool determined either by sampling the inoculum used for chickens (A) or by sampling
freshly engorged mosquitoes (B and C). Bars indicate the mean and standard error for
each competition. Asterisks indicate statistically signiﬁcant results.
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diverse population does not possess a signiﬁcant ﬁtness advantage
over less diverse populations in chickens in vivo.
Our results inmosquitoeswere strikinglydifferent.Weﬁrst analyzed
our data on infection in terms of vector competence. At both 7 and
14 days postfeeding, mosquitoes fed on more genetically diverse WNV
were more likely to be infected compared to those fed on a less
genetically diverse WNV. This result was surprising since we saw nodifferences in oral ID50 of each virus population, and suggests that our
approach to determining the ID50s in these hosts was not sensitive
enough to detect subtle differences in infectivity. A dose–response was
also observed at both timepoints, with progressive gains in the
proportionof infectedmosquitoes associatedwithprogressive increases
in WNV genetic diversity. Finally, mosquitoes that fed on more
genetically diverse WNV seemed to be more likely to develop
disseminated or transmitted infections; however, relatively few
mosquitoes overall ﬁt into either of these categories. The relatively
low levels of dissemination and transmission may be related to the low
bloodmeal titer: in order to standardize the titer inM2,M8 andM24, all
viruses were diluted to match the least concentrated stock. Robust
analysis of the inﬂuence of genetic diversity on virus dissemination and
transmission inmosquitoes requires further study. In any case, our data
support the hypothesis that high WNV genetic diversity is associated
with more efﬁcient infection of mosquitoes.
Our results on the competitive ﬁtness of M2, M8 and M24 support
this observation. At both 7 and 14 days postfeeding, M24 represented
a higher proportion of the WNV in mosquitoes, on average, than did
M2 or M8. At 14 days postfeeding, the ﬁtness of mixed virus
populations increased in a stepwise fashion with increasing genetic
diversity. Therefore, increasing WNV genetic diversity is associated
with increasing ﬁtness in mosquitoes. Examination of Fig. 2, however,
clearly shows that in mosquitoes almost none of the observations fall
close to the mean proportion, or within one standard error of the
93K.A. Fitzpatrick et al. / Virology 404 (2010) 89–95mean. Therefore, we determined the proportion of mosquitoes fed on
each WNV population in which apparent displacement occurred (i.e.
where M2, M8 and M24 represented either 0 or 100% of the estimated
total population in the mosquito body). In this analysis, the most
genetically diverse population, M24, seemed to avoid “extinction” and
was more likely to become dominant than other populations. Thus,
more genetically diverse WNV populations possess higher ﬁtness in
mosquito bodies than those of lower genetic diversity. Importantly, our
method for estimating population frequency based on sequence
chromatograms is relatively insensitive when one or the other
genotype represents less than ∼10% of the total population. Therefore,
we cannot rule out the possibility that the “extinct” genotype persists as
a relatively small fraction of the population of WNV in mosquito bodies
and escapes our detection. Determining whether this is frequently the
case requires more detailed examination (i.e. by cloning and/or deep
sequencing) of individual mosquito bodies. However, based on our
previous studies of WNV population variation in mosquitoes (Jerzak
et al., 2005, 2007), persistence of the minority genotype seems likely.
Overall, our results demonstrate a mosquito-speciﬁc ﬁtness advan-
tage of mutational diversity in WNV. This ﬁnding is consistent with
previous studies that determined that in natureWNVgenetic diversity is
higher inmosquitoes than in birds (Jerzak et al., 2005) and that passage
ofWNV inmosquitoes results in higher genetic diversity thanpassage in
chickens (Jerzak et al., 2007). Similar results were obtained by others
working in cell culture systems (Ciota et al., 2007). Our ﬁndings are also
consistent with our studies of RNAi in mosquitoes (Brackney et al.,
2009). These studies demonstrated that intense RNAi targeting of
particular regions of the WNV genome was associated with increased
mutational diversity in these regions relative to more weakly targeted
regions. We hypothesized that RNAi in mosquitoes creates an
intracellular environment that favors less common viral genotypes. It
follows that a more complex virus population presents a more com-
plicated target to the mosquito RNAi machinery. Our data demonstrat-
ing a ﬁtness advantage of high genetic diversity in mosquitoes, where
RNAi is a main antivirus response (Campbell et al., 2008; Myles et al.,
2008; Brackney et al., 2009), but not in chickens is consistent with this
hypothesis. Moreover, for some years it has been clear that high
intrahost genetic diversity is associated with mosquitoes, but its role in
the transmission of WNV or its evolutionary signiﬁcance has been
unclear. This study demonstrates for the ﬁrst time that the intrinsic
genetic diversity of an arbovirus population confers a ﬁtness advantage
in vivo in mosquitoes.
Materials and methods
Cells and viruses
Monolayer cultures of Baby Hamster Kidney (BHK, ATCC CCL-10),
African green monkey kidney (Vero, ATCC CCL-81) and Aedes
albopictus (C6/36, ATCC CRL-1660) cells were grown according to
standard procedures. Brieﬂy, Vero and BHK cells were maintained at
37 °Cwith 5% CO2 in Eagle'sminimal essential media (MEM)with 10%
heat-inactivated fetal bovine serum (FBS). C6/36 cells were grown at
28 °C with 5% CO2 in Dulbecco's modiﬁcation of Eagle's medium
(DMEM) with 10% FBS.
All viruses were either generated from an infectious cDNA clone as
described elsewhere (Shi et al., 2002) or obtained from ﬁeld-collected
materials. To produce a genetically marked reference virus for ﬁtness
studies, a string of ﬁve noncoding changes was inserted into nucleotide
positions 8313–8317 of a WNV cDNA clone such that the parental
sequence CTC TCA CGGwas changed to CTa agc aGG using site-directed
mutagenesis according to procedures described elsewhere (Lo et al.,
2003). The stability of the mutations was veriﬁed by sequencing the
virus after three passages on Vero cells. Both wild-type WNV and
genetically marked reference (WNV-REF) virus stocks were harvested
fromBHK cells after RNA electroporationwithout further passage in cellculture, and the titer was determined by plaque assay on Vero cells
according to standard methods (Lindsey et al., 1976).
WNV populations of deﬁned genetic diversity were created from
ﬁeld-collected strains. Viruses were initially isolated by inoculating
homogenates of avian tissue or mosquitoes onto conﬂuent Vero
monolayers. Cells were monitored daily and when cytopathic effects
were noted (generally 3–5 days postinoculation) tissue culture
supernatants were harvested and stored at −80 °C with 20% FBS in
0.5 mL aliquots. Primary virus isolates were then ampliﬁed by a single
passage on C6/36 cells and tissue culture supernatantswere harvested
as above. The titer of C6/36-passed virus was then determined by
plaque assay, and either 2, 8, or 24 individual strains were mixed such
that equal plaque-formingunits (PFU) of each strainwere included in a
single virus mixture, which was inoculated onto monolayers at a total
multiplicity of infection (MOI) of 0.1.WNV strainswere assembled in a
“nested” design such that the more genetically diverse populations
contained the strains used in those with less genetic diversity. These
mixtures were subsequently ampliﬁed again on C6/36 cells and the
supernatant was harvested after 7 days, brought to 20% FBS, aliquoted
and stored at −80 °C until use. These virus populations were
designated M2 (two individual WNV strains), M8 (eight individual
WNV strains) and M24 (24 individual WNV strains).
The genetic diversity of M2, M8 and M24was quantiﬁed according
to methods described previously (Jerzak et al., 2005). Brieﬂy, a high-
ﬁdelity RT-PCR protocol was used to amplify an ∼2 kb region
spanning the E and NS1 coding sequences. Amplicons were then
cloned, and approximately 20 clones per WNV population were
sequenced. Genetic diversity was calculated and background error
rate associated with our RT-PCR and cloning procedure was
determined as described previously (Jerzak et al., 2005).
Experimental hosts
Fertile speciﬁc pathogen-free eggs (Charles River SPAFAS, North
Franklin, CT) were incubated at 37.5 °C with 67% humidity for 19 days
with regular turning. After hatching on day 21 chicks were allowed to
dry for 24 h before being moved to brooders in the animal bio-safety
level 3 (ABSL-3) facility. Chicks were provided with chicken feed and
brooders were maintained at approximately 38 °C. In all studies,
chickenswere inoculated at one-day-old by the subcutaneous route in
the cervical region with 0.1 mL of WNV in animal inoculation diluent
(endotoxin- and cation-free PBS with 1% FBS). Blood was collected
into a capillary tube at the time of peak viremia (48 h postinoculation)
by puncturing the brachial vein and serumwas separated. Infection of
chicks was detected by RT-PCR on serum according to methods
described elsewhere (Shi et al., 2001).
Cx. pipiens quinquefasciatus mosquitoes were maintained within a
BSL3 insectary at 27 °C on a 16:8L:D photoperiod according tomethods
describedelsewhere (Brackney et al., 2009).Mosquitoes in these studies
were used at 6–7 days postemergence. Prior to virus exposure, female
mosquitoes were housed in quart sized containers and deprived of
sucrose for 24 h. Oral infections were established by allowing
mosquitoes to feed on artiﬁcial bloodmeals containing deﬁbrinated
goose blood (Rockland, Gilbertsville, PA) containing WNV using a
Hemotek membrane feeding apparatus (Accrington, UK). After 1 h of
feeding, engorgedmosquitoes were removed to separate cups and held
for either 7 or 14 days of extrinsic incubation as described above. After
extrinsic incubation, mosquito bodies, legs and salivary secretions were
collected and mosquito tissues and salivary secretions were processed
as described elsewhere (Aitken, 1977; Ebel et al., 2004). Infection was
detected by plaque assay on Vero cells.
Virus infectivity in chickens and mosquitoes
The virus dose that produced infection in 50% of chickens (ID50)
was determined essentially as described in a previous publication
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were inoculated subcutaneously (SC) with serial tenfold dilutions of
each virus as above. At 2 days postinoculation blood was collected,
also as above. Viral RNA was isolated using the RNeasy Mini Kit
(Qiagen Inc., Valencia CA) and one-step RT-PCR was performed using
the SuperScript III kit with platinum Taq (Invitrogen, Carlsbad CA).
Animals whose serum yielded a positive PCR result were considered
to have become infected and the ID50 for each virus population was
calculated according to the Reed and Muench method.
The oral ID50 ofM2,M8 andM24 formosquitoeswas determined by
feeding groups of female mosquitoes on serial tenfold dilutions of each
virus in a bloodmeal as described above. After 14 days of extrinsic
incubation whole mosquitoes were collected into 1 mL of mosquito
diluent (20% heat-inactivated FBS in Dulbecco's phosphate buffered
saline plus 50 µg/mL penicillin/streptomycin, 50 µg/mL gentamicin
and 2.5 µg/mL fungizone) and homogenized. Infection was detected by
plaque assay on Vero cells and the ID50 was calculated also as above.
Fitness competitions
Mosquitoes were fed on bloodmeals containing 1:1 mixtures of
test viruses (M2, M8 and M24) and marked reference virus (WNV-
REF) according to methods described above. Final virus concentration
in bloodmeals was approximately 3×106 PFU/0.1 mL in all cases.
Engorged females were separated under cold anesthesia and held for
7 or 14 days of extrinsic incubation. 100 µL of the virus-containing
bloodmeal was collected to establish the proportion of test and
control viruses in the offered bloodmeal. In addition, 4 fedmosquitoes
were immediately removed to a 2.0 mL microcentrifuge tube contain-
ing 1.0 mL of mosquito diluent to determine whether the proportion
of test and control viruses ingested by feeding mosquitoes matched
the proportions in the bloodmeal. At 7 and 14 days postfeeding,
mosquitoes were anesthetized with triethyamine (Sigma, St. Louis
MO) and in vitro transmission assays were performed as described
elsewhere (Aitken, 1977) and above. Bodies, legs and salivary
secretions were assayed for infection by plaque assay on Vero cells.
Infection, dissemination and transmission were deﬁned as the
proportion of mosquitoes with infectious WNV in bodies, legs, and
salivary secretions, respectively. For WNV competitions in chicks,
equal titers of the reference and experimental viruses were mixed in
animal inoculation diluent and approximately 2000 PFU were
inoculated SC as above. Each competition group consisted of 8–11
chicks. Blood and tissue samples were obtained as described above.
The proportion of test and reference virus in each sample was
determined by quantitative sequencing (Hall and Little, 2007). RNA
was extracted from mosquito tissues that were positive by plaque
assay and from all chicken samples using spin columns (QIAamp Viral
RNA kit, Qiagen, Germantown, MD) according to the manufacturer's
recommendations. Reverse transcription and PCR was performed
using the One Step PCR kit (Qiagen) following standard protocol with
primers designed to amplify the region containing the genetic marker
[forward primer (5′-GCTCTGCCCCTACATGCCGAAAGT-3′); reverse
primer (5′-TACTTCACTCCTTCTGGCGGTTCA-3′)] and the following
thermocycling conditions: 50 °C for 30 min, 95 °C for 15 min,
40 cycles (94 °C for 30 min, 60 °C for 30 s, and 72 °C for 1 min), and
72 °C for 10 min. Products were puriﬁed using the StrataPrep PCR
Puriﬁcation Kit (Stratagene, La Jolla, CA). Capillary sequencing was
performed at the UNM Health Sciences Center DNA Research Services
core facility.
Sequence chromatograms were analyzed using polySNP (Hall and
Little, 2007). (http://staging.nybg.org/polySNP.html). Brieﬂy,
polySNP calculated the proportion of each genotype at the ﬁve
nucleotide sites mutated in the marked reference virus by determin-
ing the area under the curve for each ﬂuorescent dye at each variant
chromatogram position. Thus, proportions of unmarked and marked
reference nucleotides were quantitatively determined for each of the5 sites from positions 8313–8317. The median value of these ﬁve
estimates was adopted as the genotype proportion for each sample.
Statistical analyses were performed using the GraphPad software
package.
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